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The first CME observed in 1860?

Fig. 2. Drawing of the corona as it appeared to Tempel at Torreblanca, Spain during the total solar eclipse of 18 July 1860 (Ranyard. 1879).
South is at bottom, west at right

This early observation was not confirmed convincingly. However-...
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The first CMEs observed in modern times:
OSO 7 (1971) and Skylab (1973)

Fig. 1. Coronal photograph taken 0954 UT 10 June 1973 (11 min after Fig. 2 of MacQueen et al., 1974) by HAO White Light Coronagraph
Experiment on first NASA Skylab mission. Diameter of occulting disk is about 1.5 R,. Transient feature at lower right (in northeast quadrant)
was observed for about 30 min and moved outward with an apparent velocity of 450 km/s

...The similarity with Skylab images obtained 113 years later is striking
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A transient event in the outer corona was recorded on December 14, 1971 by the white-light corona-
graph aboard NASA’s seventh earth-orbiting solar observatory (OSO-7). The upper row of photo-
graphs shows coarse-resolution television pictures of the full field of the coronagraph. A dark central
area is produced by an externally mounted occuiting disk, whose support is indicated by the radial
shadow to the right. Correct relative position and size of the occulted Sun are shown by the white
disk. The disruption of the bright SE streamer, which began in the central picture of the upper row,
was recorded with the full vidicon resolution during the next later orbit. At this time the quadrant of
interest was transmitted to Earth at intervals eleven minutes apart, and produced the three lower
photographs! ht P ia-clouds-at-the upper lef nictures are mo T
Jemis=d, The field is covered by a polarizer which admits tangentially polarized light except for the
annular bands concentric with the Sun, where the admitted vector is essentially radial.

( By courtesy of G. E. Brueckner, M. J. Koomen and R. Tousey, E. O. Hulbert Cenrer
for Space Research, U.S. Naval Research Laboratory.)




The most popular astronomical picture in history:™
a huge prominence, seen in the He* line (30.4 nm), from Skylab (1973)




-.can't tell what it is byt
What, acfually is a CME" : :

Definition of terms:

"We define a coronal mass eJec’rlon (CME) to be an observable change in coronal
structure that

- (1) occursona time scale of a few minutes and sever'al hours and

(2) involves the appear'ance and outward )of a new, discrete, bright, white-
ri(H ndhausen et al., 1984 similar to

if I see it I know it

~ light feature in the coro
"rhb defmmon of "ir as: el9 79)

M 1996 /01 15 061{}18 UT

CME: cor'onal -------- mass ejection,
not: coronal mass -------- ejection!

This definition is very fortunat

* it emphasizes the observational
* it stresses the transient event ¢ 4
* it does not infer an interpretation of the "fea (=
* inparticular, it does NOT infer any COHJLIHCTIOH with
* it restricts the applicability of the term to the sun’ s pr'oxnmr y. |

arc

I would still prefer to call them SMEs, that avoids confusion...
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oronal mass ejections (CMEs)
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Some CMEs are
spectacular, indeed!

2000/02/27 00:18

Most big CMEs show a characteristic 3- par"r s’rr'uc’rure
* bright outer loop,

» dark void
* bright inner kernel



Some CMEs are
spectacular, indeed!




Some CMEs are
spectacular, indeed!

1998/06/02 13:31
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A unique observation by LASCO-C2.
Note the helical structure of the prominence filaments!




Some CMEs are
spectacular, indeed!

1998/05/31 20:04 *

.....

Two small comets were evapor'a’rmg hear ’rhe _
A few hours later a huge ejection occurred. Coincidence?
A unique observation by LASCO-C2.
Note the helical structure of the prominence filaments!




- : :
here is a huge variety of CMEs, including slow ones!

1898 /068,21 00:13 UT

urs to finally take off!
he ejecta ran away at
ed with it.

This balloon took some 30 ho

It was the offspring of an eruptive pro
bably no shock was associat

about the slow wind speed, pro



There is a huge variety of CMEs, including slow ones!

Meudon Observatory
1993—-06-4U9
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June 21-22, 1998
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Properties of CMEs, 1979 to 1981
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Fraction in 100 km/s Interval

Apparent Speed [km/s]

SOHO LASCO 1997 (191 CMEs)

Histogram of apparent front
- speeds of 640 CMEs,
observed by LASCO on SOHO
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Properties of CMEs, 1996 to 1998

Fraction in 5° Interval
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Properties of CMEs, 1996 to 1998
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[CMEs/day]

Shoek rate per day

CMEs and shocks during 2 solar cycles
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Sun spot number

Only one out of 10 CME shocks hits
an /n-situ observer!

That means: the average cone
angle of a shock front amounts to
about 1000,

Remember that the average cone
angle of CMEs is only 50°.

In other words: the shock fronts
extend much further than the
ejectal -




How do ejecta and shocks propagate?

Shock velocity per distance
T T T T T T T T - T T

Helios
shocks

Local speeds of about 400 shocks, observed between 0.3 afid 1 AU
by Helios from 1974 to 1986, compared to LASCO CME speeds.

The spread diminishes with increasing distance: fast ejecta are decelera-
ted, the slow ones are accelerated and integrated into the slow solar wind.
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How do ejecta and shocks propagate?

[ ] HELIOS
WOO ET AL.

Comparison of shock speeds determined by
1. Interplanetary scintillation technique (IPS),
5/16/81 2. In-situ measurements by HZ“OS,
3. Average propagation speeds between Sun and
Helios

snarm: Apparently, strong deceleration

. of the very fast events occurs
close to the sun.

The slow ones are decelerated

more gradually.
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Brightness distributions in limited latitudinal slices plotted vs radial distance
reveal acceleration/deceleration of features in the corona, e.g. CMEs




CMEs and shock waves near the Sun

Where is the shock with respect to the CME?
Why can't we see it, even with our most sensitive
instruments?
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Tracers of shock waves: Radio type IT bursts

Remote
Radio
Tracking
through IPM




Propagation of shock waves from the Sun towards Earth

Where and how are they accelerated/decelerated?
Answers might come from radio wave observations,
especially for improving space weather forecasts.

i

e\ :un kHz Wind/WAVES

Radio Tracking of CME
Sun to Earth and Beyond

1,; ﬂlﬁ
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Radio bursts as remote sensors of shock waves

- head
CME shock runs @
Th? and simultaneously ’“L
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Reiner et al.,, 2000

Height-time diagram of the May 3rd, 1999, CME, as determined from
LASCO, and from drift rates of type II radio emission.




The events of April 4, 2000

2000/04/04 00:00

. Based on EIT images, none of the several=
events seemed worth particular attention ...
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S The events of April 4, 2000 §

2000/04/04 00:18

.. nor did the halo CME alert the predictors




Date: Thu, 6 Apr 2000 19:01:23 +0000 (GMT)

The event of April 4, 2000,

From: Simon Plunkett

unnoticed at first...

~ Sub J'ect:_Ha_Ta CME on 2000/04/04
il i

o "r\- l.. --*
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EIT observed a C9 flar'e in AR
15:24 UT, that was probably assoc aTed wi
A large area of dimming between AR 8933 and
(507 W34) was also observed in EIT around
time.

2000/04/04 00:18

Apologies for the late delivery of this
message. I was on travel earlier this week
and did not see the event until today.
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The April 4./6. 2000 events

C 9.8 flare: , April 4,16:37
~ Arrival of energetic particles at 1 AU: hone
Shock at 1 AU: - April 6, 16:02
Travel time: . 47.5 hours
; ~ Initial CME speed: 980 km/s
~ Average travel speed: 880 km/s
- Shock speed at 1 AU: 810 km/s
KpirmaxSasssae .. 8

-310 nT

caused by a mi
that's what

Aurora in Essen, Germany, on April 7, 2000 at 01:00*-



A never ending discussion: flares vs CMEs

A solar flare, as observed by TRACE

hi N

On
€ the cayse of the otheps | 1997/11/05:00:18




The "old" paradigm: the "solar flare myth"

A Paradigm of Cause and Effect

rapidly evolving solar magnetic field
~ reconnection (?7)

FLARE

rapid heating | 5 particle acceleration

thermally driven | solar storage and
MATERIAII_, EJECTION propagafion to1l au
INTERPLANETARX - SOLAR
SHOCK PROTON
DISTURBANXCE LWVENT

GEOMAGNETIC = POLARNCAP
5TORM | ABSORPTIGC
I EVENT
AURORA

Gosling, 1993



The modern paradigm

evolving solar magnetic fields

instability?,l buoyancy? reconnection?
CORONAL MASS EJECTION

low high ERUP!TIVE reconnection?

- speed sptlzcd PROMINENCE \

INTERPLANETARY SHOCK FLﬁlkRE

particle particle
- acceleration acceleration

CME directed CME from flare in
~ earthward : visible hemis. western hemis.

|
GEOMAGNETIC GRADUAL IMPULSIVE
STORM PROTON PARTICLE
AUROIRA | EVEllNT EVElNT
delay: 1-4 days minutes-day mimlxtes _
duration: days days hours Gosling, 1993

Flares and CMEs are probably symptoms of a more basic
"magnetic disease” of the Sun (Harrison)




Explosive onset of a CME

1999/05/09 00:06

For this CME we were lucky o observe the onset in
unprecedented detail, using data from several instruments:

MICA, SUMER, EIT



The onset of a fast CME (600 km/s) was revealed!

Te:d0: 12

N
i :..'

Mr of Dbserv.: 2 f’
16:50:30 to 16:50:58
The MICA coronagraph observed the CME onset on May 8,
green Fe XIV line. Pictures were taken every hal mmu’re'




The onset of a fast CME (600 km/s) was revealed!

18:12:10

go0 920 1050 SZ0 9L0 TUS0

Sun-X

EIT images, taken every 12 minutes, show

—

(1 sec x 300 _sec) s

SUMER happened to take UV spectra in the "right" location. Pure chance!




The onset of a fast CME (600 km/s) was revealed!
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Expansion speeds up to
600 km/s in all directions
were measured.That
indicates 3-D explosive
reconnection at a site in

the corona.

1440 1442 1444 1446

wavelength

Line-hof-sigh’r plasma
flow observations using
SUMER"spectra.

Innes et al.,, 2000




Limb CMEs and ,.halo" CMEs

Halo CMEs, if pointed fowards
(not away fr'oml) the Earth,

Earth's geomagnetism:
Geomagnetic Storms.

e S

2000/06/05 10:20 -’




Halo CMEs: a new quality from SOHO

We can now watch earthward pointed CMEs early on

€2 1998/11/04 03:18:08

Towards or away from Earth? That can only be decided using

simultaneous disk observations



A SOHO discovery: EIT waves

. A

In H-alpha, similar features had been seen long ago: "Moreton-waves"”.
They are not the samel




EIT waves and coronal shock waves

+15 +20 (Min)

Minutes befare Minutes after

Fig.2. EIT wave onset related with the start of associated
type 1II bursts (indicating the start of the impulsive flare
phase). The start time of the type III bursts is zero on the

300 500 700 900

T""?l\-' ell
km/s ¥p

Fig. 3. The speed relation between EI'T waves and type 11 bursts

Klassen et al.,, 2000




Radio signals (..bursts") as remote sensors

CORONAL

SOURCE

The "two-shock concept”: a CME driven shock wave
runs ahead of a flare generated blast wave




Ejected plasma clouds in space

Helios 1

Helios 2

I'MP/ISEE

Sketch showmg the possible large-scale geometry of the MC
_observed by Helios 2 and IMP/ISEE in April 1979 (see Fig. 10) based
on results of the MVA of the magnetic field data. Helios 1 did observe
the shock, but not the MC. Arrows denote the orientation of the
magnetic field lines at the cloud’s outer boundaries and on its axis
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Ejected plasma clouds in space

The signatures of plasma clouds/driver gas with respect
to the ambient solar wind:

ion and electron temperature depressions,
tangential discontinuities in density, femperatures, and fleld
helium abundance enhancements (up to 30 %), Hollos 1 1980/171-173

unusual ionization states (Felt*, He*, etc), MT. ‘;’HM

counterstreaming of energetic elec’rrons and protons, |! . |
counterstreaming of suprathermal electrons (BDEs), e
magnetic cloud signatures: w:\-:fli “"”". ”‘ww.'_-é

anomalous field rotation, 3N . 7 S
strong magnetic field, “.’Ef_wi’:ffi‘fj”'_'__ __ N—
very low plasma beta, I-

low variance of the magnetic field.

Usually, only a subset of these signatures is
observed.




E Jec’red plasma clouds in space

Topologies of 3D reconnection




Do global or sympathetic CMEs exist?
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A perfect halo CME with
symmetric lobes enclosed
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Helios 1

seen from the front or the
back side.
Note the 2D rope s#ructure
and the engulfing 3D halo CME
structure.




CME mythology: d . bal C .
, gy: do global CMEs or sympathetic CMEs
g _ exist?

My answer is: No.

They are probab\y just
head-on flux rope halo &

Let's see wh
like from different

erSpec’rives, i.e.,
SMIE, STEREO, sDO,

and Solar Orbiter.




How to predict travel times of halo CMEs?

L e
e

1997/04/07
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How to predict travel times of halo CMEs?

For 95 cases, the halo expansion speed and the ftravel fimes o 1 AU were determined
An empirical function was.derived:

Halo CMEs

Front speed vs travel time Expansion speed vs travel time

94 measured points, 102 total, unique CME-IP association
curve fit: t = -22.75*In(Vexp) + 220.8

95 events, 102 total, unique CME-IP association

curve fit: t = -17.85*In(Vfr) + 181.71

R=-0.47;SD = 16.21 03.09.2001
140

QO limb events

- improved
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e what they look &
like from different
erspeCTiV@S, i.e.,
MIE, STEREO, SDO.
and Solar Orbiter!

Let's S

W

2000/11/26 0018



Questions to be addressed in the future:

Where are the shock fronts relative to the CME?
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e fransform into what is encountered .
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